We have reviewed our experience of the removal of deep extremity orthopaedic implants in children to establish the nature, rate and risk of complications associated with this procedure. A retrospective review was performed of 801 children who had 1223 implants inserted and subsequently removed over a period of 17 years. Bivariate analysis of possible predictors including clinical factors, complications associated with implant insertion and indications for removal and the complications encountered at removal was performed. A logistical regression model was then constructed using those predictors which were significantly associated with surgical complications from the bivariate analyses. Odds ratios estimated in the logistical regression models were converted to risk ratios.
We have reviewed our experience of the removal of deep extremity orthopaedic implants in children to establish the nature, rate and risk of complications associated with this procedure. A retrospective review was performed of 801 children who had 1223 implants inserted and subsequently removed over a period of 17 years. Bivariate analysis of possible predictors including clinical factors, complications associated with implant insertion and indications for removal and the complications encountered at removal was performed. A logistical regression model was then constructed using those predictors which were significantly associated with surgical complications from the bivariate analyses. Odds ratios estimated in the logistical regression models were converted to risk ratios.
The overall rate of complications after removal of the implant was 12.5% (100 complications in 801 patients), with 48 (6.0%) major and 52 (6.5%) minor. Children with a complication after insertion of the initial implant or with a non-elective indication for removal, a neuromuscular disease associated with a seizure disorder or a neuromuscular disease in those unable to walk, had a significantly greater chance of having a major complication after removal of the implant. Children with all four of these predictors were 14.6 times more likely to have a major complication.
The internal fixation of fractures and osteotomies began in the 1880s after the development of anaesthesia and sterile surgical techniques. 1 The early implants were made of ivory, beef bone, animal horn and high-carbon steel. 2 The use of metal implants was often complicated by corrosion and fatigue failure which led to the widespread practice of the removal of all metal implants immediately after healing of the fracture or osteotomy. 3 By the 1960s improved metallurgy and understanding of the biology of bone healing resulted in better biological and mechanical stability of these implants. 2 However, the routine practice of their removal after bone healing has remained common, particularly in paediatric orthopaedics. 1, [3] [4] [5] [6] The justification for the routine removal in children was based on the perceived risks of late infection, stress shielding, peri-implant fracture, failure and migration of the implant, complications during later reconstructive surgery, metal allergy, metal ion toxicity and carcinogenicity. 1, 3, [7] [8] [9] [10] [11] [12] [13] [14] A recent analysis of the literature concerning the removal of orthopaedic implants in children identified ten articles (871 patients), all were case series. 12 The analysis and interpretation of the combined data were compromised by the retrospective designs of the original studies, inconsistent inclusion criteria (elective versus non-elective), failure to distinguish between underlying diagnoses (cerebral palsy versus tibial fracture), types of implant (angled blade plate versus compression plate versus pins) and the anatomical location of the implant (percutaneous versus superficial versus deep, hip versus spine). The authors concluded that there was no evidence in the current literature to support or refute the practice of the routine removal of implants in children. A definitive study concerning the relative risk of removing versus retaining implants would require the identification and tracking of all patients from the time of the insertion of the implant to the time of removal or death. 1 Such a study would be very difficult to perform given the long period of follow-up required.
In the absence of higher-level evidence, clinical decision-making is determined by expert opinion, personal experience and institutional traditions. 15 Since 1989 it has been the policy at our institution, which is a paediatric tertiary referral centre, to offer removal of deep implants to all patients between six and 18 months after the initial operation. The six staff paediatric orthopaedic surgeons at our institution since that time have all adhered to this policy. This review of our experience with this practice was undertaken, not to determine whether such a policy was correct or desirable, but to establish the nature and rate of complications and the risk factors associated with complications after removal of the implant. Identification of the relative risks of complications with regard to a variety of clinical factors can help the surgeon to identify high versus low risk cases and to counsel families better regarding the decision for or against removal of the implant.
Patients and Methods
Our study was of a retrospective case series and was approved by our institution's Research Review Committee. A surgical database was used to identify all the children who had metal implants inserted between June 1, 1989 and June 30, 2006, and all who had metal implants removed between January 1, 1990 and December 31, 2006. Patients needed to appear on both searches to be included in the study. They were excluded when the implant removed was percutaneous or superficial (e.g. a pin, wire or staple) and when the time to follow-up after removal was less than six months. They were also excluded when the underlying diagnosis was slipped capital femoral epiphysis because routine removal was not offered to this group after 1993, based upon institutional experience and published reports of complications associated with the removal of screws after pinning in situ.
A review of the patient notes was performed by three authors (CH, CD, LIP) after discussion of the definitions of the data to be extracted and an initial, concomitant review of several cases. Data included age, gender, weight, height, underlying diagnosis and other medical conditions, and information related to the insertion and removal of the implant including additional procedures performed at the same time, the estimated blood loss, subsequent complications and the status at the most recent follow-up. The patients were divided into two groups based on the underlying diagnosis: neuromuscular (NM, including cerebral palsy and myelodysplasia) or neurologically normal (NN, all other diagnoses). Those in the NM group were further subdivided based upon the gross motor function classification system (GMFCS). 16 Children classified as GMFCS I to III were considered to be able to walk. Those classified as GMFCS IV and V were considered to be non-walkers.
The body mass index (BMI) at the time of removal of the implant was calculated using the Child and Teen BMI calculator developed by the Centre for Disease Control. 17 Indications for removal were classified as elective, based solely upon institutional practice preference or non-elective for all other reasons such as pain, prominence or a broken implant. Complications after insertion and removal were classified as major or minor (Table I) . Statistical analysis. Initial comparisons focused on the bivariate associations of possible predictors such as clinical factors with the outcome and complications encountered. Statistical significance was assigned to a p-value ≤ 0.05. A logistical regression model was then constructed based upon the bivariate analysis. Those predictors which were significantly associated with the outcome in a bivariate comparison were included in a regression model adjusting for the number of implants per child. We verified models built from bivariate associations using a stepwise procedure with backward elimination. In order to avoid overselection from spurious associations, we used a bootstrap procedure for the construction of multivariable logistical regression models. 18, 19 In each approach, the final models coincided with those based on bivariate associations. Finally, estimated odds ratios from the logistical regression models were converted to estimated risk ratios. 
Results
We found that 1074 children had one or more deep extremity implant inserted at a single operation during the study period. A total of 1223 implants were removed from 801 children (74.6%). Of the 273 children (25.4%) who did not have the implants removed, 254 (93.0%) had been lost to follow-up or had been transferred to another institution. In the group in which the implant had been removed there were 442 boys and 359 girls with a mean age at the time of the removal of 10 years 1 month (1 year 10 months to 20 years 7 months). Of the 801 children, 150 (18.7%) were five years of age or less, 324 (40.5%) were between six and ten years, 244 (30.5%) between 11 and 15 years, and 83 (10.4%) were 16 years or older at the time of removal. Calculation of the BMI was possible in 769 of the children and showed that 134 (17.4%) had a low BMI below the fifth age-and-gender-specific percentile, 429 (53.7%) a normal BMI between the fifth and 84th age-and-genderspecific percentile, 89 (11.1%) were overweight being between the 85th and 94th age-and-gender-specific percentile and 117 (14.6%) were obese, above the 95th age-andgender-specific percentile. Post-operative complications occurred in 233 (29.1%) of the initial procedures. There were 140 (17.5%) major complications in the 801 children, the most common of which were fracture and problems with bone healing, and 93 (11.6%) minor complications, all related to wound healing. Removal of the implant. The mean time from insertion to removal was 1 year 4 months (2 months to 8 years 6 months). In 721 patients the indications for removal were based solely upon institutional preference. In the remaining 80 the non-elective indications for removal were pain or prominence of the implant in 44 (55.0%) patients, delayed-, non-, or malunion in 12 (15.0%), a broken or loose implant in 11 (13.8%), late deep infection in ten (12.5%), and fracture in three (3.8%). Removal of the implant was the only procedure performed in 444 (55%) patients. The mean estimated blood loss in these patients was 37 ml (0 to 400) and the mean estimated blood loss per implant (680 implants) was 24 ml.
The mean follow-up after removal of the implant was 4 years 7 months (6 months to 16 years 11 months). The overall rate of complication after removal was 12.5% (100 complications in 801 patients), with 48 (6.0%) major and 52 (6.5%) minor complications ( Table I ). The overall complication rate following elective removal was 11.4% (82 complications in 721 cases), with 37 (5.1%) major and 45 (6.2%) minor. The most common major complications were fracture and implant failure or breakage which occurred in nine of 801 patients, 1.1% for each complication (Fig. 1) . All the fractures occurred in children with NM disease of which eight of the nine were classified as GMFCS III to V. The most common minor complication after removal of the implant was with wound healing in 31 of 801 patients (3.9%). Pain was the indication for removal in 44 patients of whom two had persistent pain at the final follow-up.
The association of selected clinical variables with major complications ranged from 0.0% to 13.8% (Table II) . Children with the highest rates of major complications after removal of the implant were those who had non-elective indications for removal (11 of 80, 13.8%), those who experienced a complication with the initial implant insertion surgery (25 of 233, 10.7%), those with an NM diagnosis associated with a seizure disorder (14 of 148, 9.5%), those with an NM diagnosis who could not walk (21 of 256, 8.2%), and those who were 11 years of age or older at the time of implant removal (25 of 327, 7.7%).
Bivariate analysis showed significant associations between four possible predictors and the development of a major complication after removal of the implant (Table II) . Patients with a complication after the initial surgery (p = 0.0003; relative risk = 2.48, p = 0.003), a non-elective indication for removal (p = 0.0021; relative risk = 1.56, p = 0.036), NM disease associated with a seizure disorder (p = 0.049; relative risk = 1.56, p = 0.177) and NM disease who could not walk (p = 0.0052; relative risk = 2.18, p = 0.014) had a greater chance of having a major complication after removal of the implant. Children with all four of these predictors were 14.6 times more likely to have a major complication.
The association of selected clinical variables with minor complications ranged from 3.4% to 12.4% (Table III) . Children with the greatest rates of minor complications after removal were those who experienced a complication Bivariate analysis showed significant associations between a single possible predictor and the development of a minor complication after removal (Table III) . Patients with a complication after the initial insertion of the implant (p < 0.001; relative risk = 3.38, p < 0.001) had a significantly greater chance of having a minor complication after its removal.
Discussion
Controversy remains concerning the need for the removal of metal implants in children.
1,3-6,12,21 A recent web-based survey of paediatric and general orthopaedic surgeons reported that routine removal was favoured by 41% of the respondents. 5 Only 22% never removed an implant and 36% favoured implant removal "sometimes". 5 The decision to remove an implant was based primarily on its location, with routine removal favoured in the proximal femur and around the physes and retention in the pelvis and femoral diaphysis, and the age of the patient with routine removal in younger children and retention in those who were older. More experienced paediatric and general orthopaedic surgeons favoured routine removal compared with less experienced surgeons. It is widely presumed that there is less morbidity from bony overgrowth if an implant is removed soon after healing of the osteotomy or fracture (Fig. 2) . A recent analysis of the literature concerning the removal of orthopaedic implants in children concluded that there was no published evidence to support or refute the practice of routine removal in children. 12 In a recent opinion and commentary concerning removal in children, based upon personal experience and a review of the literature, Peterson 1 recommended that implants should be removed as follows: 1) when there was potential for migration of the implant (e.g. smooth or threaded pins); 2) if it might complicate another orthopaedic procedure in the future (e.g. blade plate used for a proximal femoral varus derotational osteotomy in a child with hip dysplasia); 3) when signifi- cant remodelling potential of the bone was possible which would result in the implant being completely embedded within the bone; 4) when there is significant stress shielding such as after plate fixation of fractures of long bones; and 5) if the child participated in contact sports because of the risk of fracture at the end of the implant.
We found that the total rate of complications after elective removal was 11.4%. This was higher than the 6% reported in a recent literature review. 12 Direct comparison of our study with this review was compromised by the fact that the latter included a wider range of implants and diagnoses. In addition, it was not possible to establish the relationship between purely elective removal and reported complications. The most common major complications in our study were fracture and failure or breakage of the implant at removal. All of the fractures occurred in children with NM diseases. Most of these had significant functional impairment (GMFCS III to V). The most common minor complication was a problem with wound healing. The outcome of removal of implants for pain in children with persistent pain in 5% was better than that reported in adults who had persistent pain in 25% to 50%. 7 Our study identified four clinical risk factors which were predictive of a major complication, and one clinical risk factor predictive of a minor complication after removal. Major complications were significantly associated with a complication after the initial implant insertion, a non-elective indication for implant removal, NM disease combined with a seizure disorder and NM disease in non-walking patients. Children with all of these risk factors were 14.6 times more likely to have a major complication after implant removal. Children with a complication after the initial implant insertion were more than three times more likely to have a minor complication after removal. These complication rates and risk factors should only be applied to children with the same diagnoses as those in the study. It should be recognised that otherwise normal children with long-bone fractures or osteotomies treated by internal fixation made up a very small portion of our study. Surgeons in community-based or primary paediatric orthopaedic centres contemplating removal of an implant in such children should use caution in applying the results of our study to their patients. Our indications for implant removal have not changed after this study. We do, however, use the information to identify children at increased risk of complications, in counselling families and determining post-operative follow-up and rehabilitation.
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